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bstract
Lithium-exchanged zeolite Y (Li-ZeY) catalyst was prepared and characterized with a surface analyser, X-ray diffraction and
canning electron microscopy. The activity of the catalyst was studied in solvent-free conversion of glycerol to polyglycerol via
therification. The effects of reaction temperature on glycerol conversion and polyglycerol formation were successfully elucidated.
he catalyst was found to be highly active and thermally stable, with glycerol conversion of 99% at 240 ◦C after 8 h of reaction. A
igher polyglycerol yield (70.5%) was found with Li-ZeY than with homogenous LiOH under the same reaction conditions.
 2014 Taibah University. Production and hosting by Elsevier B.V. All rights reserved.
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.  Introduction
Global research is focused on effective conversion
f biodiesel-driven glycerol into valuable products for
mproving the economy of the industry. The produc-
ion of such value-added chemicals requires new basic
eterogeneous catalysts as well as optimization of the
onventional catalyst materials [1]. Zeolite minerals
ave great potential as catalysts, especially for basic
elective reactions, to produce fine chemicals [2]. They
re receiving substantial attention because of their oper-
tional simplicity, environmental compatibility, high
electivity and reusability.∗ Corresponding author. Tel.: +60 4 599 6411; fax: +60 4 594 1013.
E-mail address: chzuhairi@eng.usm.my (A.Z. Abdullah).
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658-3655 © 2014 Taibah University. Production and hosting by
lsevier B.V. All rights reserved.
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Zeolites are crystalline microporous aluminosilicates
with an open framework structure of three-dimensional
tetrahedral units generating a network of pores and cavi-
ties of molecular dimensions. These materials are widely
used in applications such as separation, catalysis, ion
exchange and adsorption due to their unique proper-
ties, such as high thermal stability and acidity. They also
have ion exchange and molecular sieving capability [3].
On an industrial scale, zeolite Y, or faujasite containing
ultra-stable Y zeolite, is one of the most widely used
zeolite materials [4]. The basic structural units of zeolite
Y consist of sodalite cages arranged to form super-cages
that are large enough to accommodate spheres of 1.2 nm
diameter [2].
Etherification of glycerol has been investigated with
or without the use of organic solvents. In each case,
alkali homogeneous catalysts like metal carbonates and
hydroxides or heterogeneous catalysts such as zeolite,
mesoporous silica and metal oxides have been used
[5,6]. Diglycerol and triglycerol are generally produced
in consecutive condensation of two and three glycerol
molecules, respectively. Diglycerol is often the desired
product, while larger-pored materials usually favour the
formation of larger molecules such as triglycerides or
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even larger by-products. Despite their many well-known
advantages, heterogeneous catalysts are usually rela-
tively inactive and require a high reaction temperature
and a long time for complete of the glycerol conversion.
Another problem with many heterogeneous catalysts is
the stability of their structure, which often undergoes par-
tial collapse due to chemical reaction between the active
component and the support material [7]. In recent stud-
ies, solid basic catalysts were synthesized either by alkali
metal exchange into zeolites or zeolites impregnated
with sodium metal clusters or alkali oxides [8]. Limited
success has been achieved, however, and highly basic
metal such as lithium provide an interesting alterna-
tive; nevertheless, the stability of zeolite to alkali metals
remains an issue to be addressed [9].
The etherification reaction for glycerol conversion is
favourable with a basic catalyst. Therefore, an alkaline
active component over zeolite type support might be use-
ful in this process. In order to increase the basic strength
of zeolite materials, lithium, which is the most attractive
metal due to its small radius and high alkalinity [10], has
been used. The aim of the present work was to prepare
lithium-modified zeolite Y (Li-ZeY) and to determine its
activity in solvent-free conversion of glycerol to polyg-
lycerol via etherification.
2.  Materials  and  methods
2.1.  Materials
Anhydrous glycerol (>99%) was obtained from R&M
Chemicals, Malaysia, while LiOH (99%) was purchased
from BDH, United Kingdom. The catalyst support, zeo-
lite Y (CBV 760), in its sodium form with a Si:Al ratio of
30 (Zeolyst) was used as the starting material. All chem-
icals were used as received with no further treatment.
2.2.  Preparation  of  Li-ZeY  catalyst
A 250-mL round-bottom flask equipped with a reflux
condenser was charged with 10 g zeolite Y, 15.8 g LiOH
and 100 mL deionized water. The mixture was heated
under reflux at 105 ◦C for 12 h, and the slurry was
allowed to cool to room temperature. The solid part was
then separated from the liquid by centrifugation and was
washed by resuspension in 500 mL of deionized water,
followed by centrifugation. The procedure was repeated
twice to ensure complete removal of any soluble species.
◦The solid was then calcined in a furnace at 450 C for 4 h.
This catalyst is denoted Li-ZeY and was subsequently
characterized by X-ray diffraction (XRD; Bruker D8
Advance) with Cu K  radiation (40 kV, 30 mA) over thesity for Science 8 (2014) 231–235
2θ  range 10◦–90◦, scanning electron microscopy (Zeiss
Supra 35VP), inductively coupled plasma analysis (for
the amount of lithium loading over the modified zeolite
catalyst, which was found to be 6.7%) and surface anal-
ysis (Micromeritics ASAP 2020). The base strength of
the catalyst (H ) was determined by Hammett indicators
[11].
2.3.  Catalytic  activity
Glycerol etherification was carried out at 240–260 ◦C
in a three-necked glass reactor equipped with a
proportional-integral-derivative temperature controller
and a magnetic stirrer. This batch reactor was operated at
atmospheric pressure under inert medium (N2 gas) in the
presence of 2 wt% of catalyst. The water that was formed
during this reaction was eliminated with a Dean-Stark
apparatus. In a typical experimental run, the reactor was
charged with 50 g anhydrous glycerol followed by 1.0 g
catalyst. A gas chromatograph (GCD 7820 A Agilent
Technologies) equipped with a capillary polar column
DB-HT5 was used for product analysis after silylation,
by a published method [12].
3.  Results  and  discussion
A LiOH solution at a concentration of about 6.6 mol/L
was used, and ion exchange was carried out for 12 h.
Thus, it might be expected that lithium loading into the
zeolite reached saturation level, although the presence of
Li2O on the external surface cannot be ruled out. In order
to minimize the amount of Li2O, the solid recovered
after ion exchange was re-suspended in deionized water
before centrifugation. Most of the un-exchanged lithium
ion could be removed because of high dissolution of the
ion in water.
Lithium was introduced into the zeolite mainly for ion
exchange; however, the possibility of a reaction between
silica and alumina in the framework with the strong base
cannot be ruled out. The XRD pattern for ZeY and modi-
fied Li-ZeY samples is shown in Fig. 1, which shows the
presence of major zeolite Y peaks in the XRD pattern of
Li-ZeY, suggesting that no major changes to the zeolite
framework occurred. These major peaks are characteris-
tic of a typical faujasite material, indicating the presence
of this structure in both samples [13]. There was also
a slight change in peak intensity, and new peaks were
seen in the case of Li-ZeY, suggesting minor differences
between the samples. These observations suggest that
lithium incorporation did not cause major destruction of
the framework structure of zeolite Y. The small changes
can be attributed to the presence of new metal silicate
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Fig. 2. Scanning electron microscopy images of (a) ZeY and (b) Li-ig. 1. X-ray diffraction patterns of (a) ZeY and (b) Li-ZeY materials;
) indicates the faujasite structure.
pecies after lithium modification, which affected the
urface and structural properties of the catalyst after cal-
ination due to a reaction between the strong alkali metal
nd the silica structural component.
The structural properties of both ZeY and Li-
eY were obtained from the nitrogen adsorp-
ion isotherms (Table 1). Significant decreases in
runauer–Emmett–Teller (BET) surface area, micro-
ore area and micropore volume of the lithium-modified
eolite sample can be seen as compared with those of the
arent zeolite. The total BET surface area of Li-ZeY was
31 m2/g, which is a slightly decrease from 690 m2/g.
he mesopore area (external surface area) was 102 m2/g,
 slight increased from 72 m2/g for the parent zeolite.
The significant decrease in the surface area was
ttributed to combined effect of partial blockage of the
ores by lithium cations [13] and the presence of sec-
ndary pores of larger size due to metal silicate formation
etween the strong alkali–silica component of zeolite.
he surface changes were minimal, with small decreases
n the micropore area and the pore volume. Significant
ncrease in the average pore diameter were observed,
hich can be ascribed to the contribution of secondary
ores that formed between non-framework metal silicate
pecies, which were significantly larger. The average
able 1
2 Adsorption–desorption results for ZeY and Li-ZeY samples.
urface properties Zeolite Y Li-zeolite Y
ET surface area (m2/g) 690 531
xternal surface area (m2/g) 72 102
icropore surface area (m2/g) 612 429
-plot pore volume (cm3/g) 0.274 0.261
verage pore size (Å) 2.7 31.5
asic strength 4 < H < 9 9 < H < 15ZeY.
pore diameter of Li-ZeY increased after modification,
clearly due to the effect of strong alkali on the crys-
tallinity and partial de-alumination of the framework.
Framework defects may have been created in the zeo-
lite after modification. Large pores possibly caused by
extra-framework deposits were created, resulting in a
significantly larger average pore diameter. The basic
strengths of the two samples, measured by Hammett
indicators, increased from 4 < H < 9 to 9 < H < 15 after
lithium modification.
Scanning electron micrography, used to compare the
morphology of the parent ZeY and the Li-ZeY cata-
lyst (Fig. 2), showed that the zeolite crystals of the
parent ZeY were clear with sharp edges but became
rougher, with finer, more angular crystals, after lithium
modification. This was expected, as strong alkali affect
the crystallinity of the parent zeolite [14]. Overall, the
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Table 2
Glycerol conversion to polyglycerols by 2 wt% of various catalysts at
240 ◦C for 8 h.
Compound LiOH ZeY Li-ZeY
Glycerol conversion (%) 99 15 98
Diglycerol selectivity (%) 18 2 21
Triglycerol selectivity (%) 21 7 32
Tetraglycerol selectivity (%) 13 4 19
Total polyglycerol (%) 52 13 72
Others (%) 48 67 28
Polyglycerol yield (%) 51.5 2 70.5
morphology of the lithium-modified zeolite experienced
changes as compared with the original material.
A comparison of the efficiency of ZeY and Li-ZeY
for glycerol conversion to polyglycerol, benchmarked
against conventional homogenous LiOH, is presented
in Table 2. For practical industrial application, high
selectivity at high conversion is very important. The Li-
ZeY catalyst gave high glycerol conversion (98%) and
polyglycerol yield (70.5%) after 8 h reaction at 240 ◦C.
Homogeneous LiOH gave a glycerol conversion of 99%
and a polyglycerol yield of 50.5% under the same reac-
tion conditions. The high activity and selectivity of the
zeolite catalyst was directly associated with the pres-
ence of the alkali-active component, lithium, in the ZeY
support. Table 2 also shows that the selectivity to diglyc-
erol over Li-ZeY was lower than those to triglycerol
and tetraglycerol. Thus, most of the reaction may occur
over the external surface of the catalyst instead of in the
internal pores. Formation of large oligomers such as tri-
and tetraglycerol would be possible only on the external
surface, in view of the small internal pores of the zeolite.
It was difficult to restrict the chemical reaction to
form smaller products on the external surface of the
catalyst, owing to the open free space, and the etheri-
fication reaction was allowed to form larger molecules.
Over time, two glycerol molecules combine to form
diglycerol, which then interacts with another glycerol
molecule to form triglycerol. Similar reaction steps with
other glycerol molecules form higher oligomers.
The shape of the pores might play a role in limiting the
formation of larger oligomers. Thus, the pore structure of
the catalyst could affect selectivity due to the geometrical
constraint posed by the pore size and shape. The catalytic
activity data (Table 2) suggest that the basic strength and
surface area of the Li-ZeY catalyst were high enough to
effectively catalyze the reaction. The advantage of this
catalyst can be seen by comparing the results with those
for homogeneous LiOH. The latter showed poor selec-
tivity towards diglycerol, indicating that etherificationFig. 3. Glycerol conversion (continuous lines) and yield of polyglyc-
erol (dotted lines) at different temperatures plotted against time for
2 wt% of Li-ZeY catalyst.
was greater with the homogeneous catalyst. Overall, the
catalytic activity and diglycerol yield of Li-ZeY were
greater than those of homogenous LiOH under the same
reaction conditions.
After a prolonged reaction time of 8 h, triglycerol was
the predominant product, followed by diglycerol. Most
of the reaction occurred on the external surface, due
to larger pores, which allowed formation of triglycerol,
which is a larger molecule than diglycerol, as the first
etherification product to form from the reaction between
glycerol and diglycerol. Formation of molecules larger
than triglycerol was prevented by the stearic effect of the
large molecules, low diffusion rate and the geometrical
constraint posed by the diameter of the external pores.
Fig. 3 shows glycerol conversions, with polyglycerol
yields over 2 wt% with Li-ZeY at different temperatures.
During the first 2 h, drastic increases in glycerol con-
version were seen to above 40% at 240 ◦C and 260 ◦C.
At 220 ◦C, conversion did not exceed 10%. Glycerol
conversion gradually increased with increasing reac-
tion time at all temperatures and exceeded 90% after
8 h at 240 ◦C and 260 ◦C. The figure also shows that
the yields pf polyglycerol were significantly higher at a
reaction time of 6 h at these two reaction temperatures
but decreased steadily with further increases in reaction
time. The maximum yield of polyglycerol (70.5%) at
240 ◦C was achieved at 8 h, after which it decreased to
below 50% (within the next 4 h). Polyglycerol produc-
tion after 6 h at 260 ◦C was slightly higher (67%) than at
240 ◦C.
As Li-ZeY showed poor catalytic behaviour at 220 ◦C
throughout the reaction, this temperature was consid-
ered too low for significant reaction within a short time.
The decreasing trend of polyglycerol production after
6 h was attributed to conversion of the product to higher
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ligomers with increasing reaction time. The effect was
ore severe at higher temperature. A stronger etherifica-
ion reaction was associated with a high concentration of
iglycerol in the reaction mixture at about 6 h of reaction.
t is possible that other by-products, such as acroline or
ther non-polymeric compounds, were produced by side
eactions during oligomerization [14].
It can be concluded that Li-ZeY is a sufficiently active
olid catalyst for glycerol conversion and polyglycerol
roduction. In addition, this catalyst can limit the pro-
uction of large oligomers to favour diglycerol formation
t reaction temperatures of 240–260 ◦C, because the
eaction occurs mostly on the external surface instead
f within internal pores. Therefore, a certain degree of
hape-selective catalysis might have occurred.
Leaching of active component from the catalyst has
een reported earlier [7,9]. This aspect of the process
s beyond the scope of the present work, which focused
n evaluating the performance of the Li-ZeY catalyst in
lycerol etherification with respect to conversion, selec-
ivity and product distribution. As catalyst deactivation
s one of the major aspects of catalysis, it will be thor-
ughly investigated in our next study, including leaching
f the active component as a potential cause of catalyst
eactivation.
.  Conclusions
Lithium-modified zeolite (Li-ZeY) was prepared. The
asicity of the catalyst was found to increase, while it
atisfactorily retained the framework structure of zeo-
ite Y, although slight decreases in both crystallinity
nd the surface area of the parent zeolite were detected.
he activity of Li-ZeY in terms of glycerol conversion
nd polyglycerol yield was higher than that of homo-
eneous LiOH under the same reaction conditions. The
roduction of higher oligomers was limited, however,
ue to strong etherification on the external surface of the
atalyst, which had larger pores. Most of the reaction
ccurred on the external surface, with larger pores. For-
ation of molecules larger than triglycerol was restricted
y the stearic effect of the large molecules, low diffusion
ate and the geometrical constraint of the diameters of
he external pores.
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